Introduction have been part of other publications that have utilized PPMI open access data. In this paper from the PPMI steering committee, we comprehensively detail the methods utilized to establish the biomarker-defined PD cohort and the baseline clinical, imaging, and CSF characteristics of the cohort.
Methods

Study organization and governance
The PPMI steering committee is responsible for all aspects of study conduct and directs the study through the clinical, imaging, genetics, bioanalytic, biorepository, statistics, and bioinformatics cores. The steering committee includes PD clinical and biomarker experts, study core leaders, MJFF, and industry scientists.
Study participants
PD and HC subjects of similar age and gender from 24 study sites in the US (18) , Europe (5) and Australia (1) were enrolled after obtaining informed consent. We acknowledge that the early PD cohort likely includes a small number of subjects with other DAT deficit parkinsonian syndromes such as progressive supranuclear palsy (PSP), multiple system atrophy (MSA) and cortical basal syndrome (CBS), which may be indistinguishable from PD at the earliest stages of disease. At each study visit, the investigators reassess the subject diagnosis to identify any non-PD subjects.
This study was conducted in accordance with the Declaration of Helsinki and the Good Clinical Practice (GCP) guidelines after approval of the local ethics committees of the participating sites. At enrollment, PD subjects were required to be age 30 years or older, untreated with PD medications (levodopa, dopamine agonists, MAO-B inhibitors, or amantadine), within 2 years of diagnosis, Hoehn and Yahr <3, and to have either at least two of resting tremor, bradykinesia, or rigidity (must have either resting tremor or bradykinesia) or a single asymmetric resting tremor or asymmetric bradykinesia. All PD subjects underwent dopamine transporter (DAT) imaging with 123I Ioflupane or vesicular monoamine transporter (VMAT-2) imaging with 18F AV133 (Australia only) and were only eligible if DAT or VMAT-2 imaging demonstrated dopaminergic deficit consistent with PD in addition to clinical features of the disease. Study investigators evaluated enrolled PD subjects to assess absence of current or imminent (6 months) disability requiring PD medications, though subjects could initiate PD medications at any time after enrollment if the subject or investigator deemed it clinically necessary. Those subjects screened as potential PD subjects who were ineligible due to DAT or VMAT-2 scans without evidence of dopaminergic deficit (SWEDD) were eligible to be enrolled in a SWEDD cohort. 4 HC subjects were required to be age 30 years or older without an active, clinically significant neurological disorder or a first-degree relative with PD. All enrolled subjects agreed to complete all study evaluations, including lumbar puncture.
PD and SWEDD subjects were excluded if they had a clinical diagnosis of dementia or had taken PD medications within 60 days of baseline or for longer than 60 days in total. HC subjects were excluded if they had a Montreal Cognitive Assessment (MoCA) total score ≤26. All subjects were excluded if they were treated with neuroleptics, metoclopramide, alpha methyldopa, methylphenidate, reserpine, or amphetamine derivative within 6 months or were currently treated with anticoagulants that might preclude safe completion of the lumbar puncture.
Study assessments
All subjects underwent a comprehensive battery of clinical testing, imaging assessments, blood, urine, and cerebrospinal fluid (CSF) biospecimen collection at baseline. Planned follow-up for all subjects included clinical motor assessments at 3-month intervals during year one followed by 6-month intervals. Cognitive and behavioral assessments were conducted at 12-month intervals for all subjects. DAT or VMAT-2 (Australia only) imaging was conducted at 12, 24, and 48-month visits for PD subjects, 24-month visits for SWEDD subjects, and only at baseline for HC subjects. All subjects underwent MRI at baseline, and approximately 50% of the subjects (based on the potential to standardize their MRI acquisition) underwent more extensive MRI with diffusion tensor imaging (DTI) at baseline and at similar longitudinal intervals to DAT imaging. All subjects had planned follow-up with blood collection at 3-month intervals during year one followed by 6-month intervals, CSF collection at six, and 12-month visits, followed by 12-month intervals. All subjects underwent urine collection at 12-month intervals.
Clinical assessments included Movement Disorders Society-Unified Parkinson Disease Rating Scale (MDS-UPDRS) and Hoehn and Yahr scales. 5 Global cognition was assessed with the MoCA. 6, 7 Cognitive testing included the Hopkins Verbal Learning Test-Revised (HLVT-R) to assess memory; Benton Judgment of Line Orientation (JOLO) 15-item version to assess visuospatial function; Symbol-Digit Modalities Test (SDMT) to assess processing speed-attention; and Letter-Number Sequencing (LNS) and semantic (animal) fluency to assess executive abilities-working memory. [8] [9] [10] [11] [12] Published norms were applied. Neurobehavioral testing included the Geriatric Depression Scale (GDS), State -Trait Anxiety Inventory (STAI), and Questionnaire for Impulsive-Compulsive Disorders (QUIP). [13] [14] [15] Additional assessments included Epworth Sleepiness Scale and a REM sleep behavior disorder (RBD) questionnaire to assess sleep behavior, Scales for Outcomes in Parkinson's Disease-Autonomic (SCOPA-AUT) to assess autonomic function, and the 40-item University of Pennsylvania Smell Identification Test (UPSIT) to assess olfactory function.. [16] [17] [18] [19] Neurologic Institute (MNI) space to ensure standard anatomical alignment across scans. Intramodality spatial normalization using the standard template provided the most robust normalizations for the ioflupane DAT-SPECT image volumes. Subsequently, the transaxial slice with the highest striatal uptake was identified and the eighth hottest striatal slices around it were averaged to generate a single slice image. For VMAT-PET studies, subjects were injected with 222 MBq of 18F AV133 then imaged for 10 min at 50 min postinjection and for 10 min at 80 min postinjection, for a total of 20 min of imaging. PET data were imported to a PMOD system for processing and analysis following technical and scientific quality control, including assessment for motion performed at the central core imaging laboratory. The PET volume was co-registered to the subject's MRI. The MRI was normalized to standard MNI space and the transformations from that normalization applied to the co-registered PET volume to ensure standard anatomical alignment across scans. A standardized striatal template created at the central core imaging laboratory was then placed on the normalized MRI volume. Volume of interest (VOI) placement was adjusted on images with atrophy, or if the VOI template did not exactly align.
All images were visually interpreted as either positive or negative for DAT or VMAT-2 deficit 25 by two experienced, independent nuclear medicine readers blinded to clinical diagnosis. Visual interpretation for both DAT and VMAT-2 images required the reader to interrogate the intensity and symmetry of radiotracer uptake in left and right putamen to determine whether the pattern was consistent with a dopaminergic deficit. Criteria for abnormality for DAT were as indicated on the product label. Similar criteria were also used for VMAT-2. In the event of disagreement between the readers' visual interpretation, a consensus review process was implemented for the final scan interpretation. Subjects were enrolled in the PD, SWEDD, or HC cohorts based on a combination of visual interpretation of DAT or VMAT-2 imaging and the clinical eligibility criteria (above).
Quantitative outcomes were acquired for all images. For DAT VOI were placed on the left and right caudate, left and right putamen, and the occipital cortex (reference tissue) (Fig. S1 ). Count densities for each region were extracted and used to calculate SBRs for each of the four striatal regions. SBR was calculated as (target region/reference region)-1. For VMAT-2 quantitative measurements (count densities or average standard uptake value (SUV) per voxel) were extracted and used to calculate SBRs for all of the striatal areas (left and right caudate, anterior putamen, and posterior putamen). SBR was calculated as (target region/reference region)-1. The reference region was the occipital lobe. Note that the posterior putamen for VMAT-2 was equivalent to the putamen reported for DAT. DAT and VMAT-2 striatal regional SBR were characterized as either ipsilateral or contralateral to the motor symptoms as defined by the MDS-UPDRS. If there was no motor asymmetry (<5%), the right side was called ipsilateral by convention.
All subjects underwent MRI imaging at baseline to identify significant non-PD pathology. Subjects from 10 study sites had a standardized MRI acquisition protocol including a 3D magnetization prepared rapid gradient echo (MPRAGE) sequence for imaging anatomical details and a cardiac-gated 2D single-shot echo-planar DTI sequence for mapping brain water diffusion requiring a 3 Tesla Siemens Trio (these data have been reported elsewhere). substrates was added and end-point luminescence was read with a luminometer (Synergy 2; BioTek). The concentration of a-syn was measured using standard curves with four-parameter curve fitting. Cross-reactivity with b-syn or c-syn has not been observed with the antibodies used in this assay. 29, 30 CSF hemoglobin was measured at Covance using an enyzme-linked immunosorbent assay method with reagents obtained from Bethyl Laboratories according to the manufacturer's instruction. Hemoglobin was measured to assess the extent of blood contamination of CSF samples, and to control for the possible effect of a-syn coming from red blood cells on observed CSF levels. 31 Blood DNA was extracted, and subjects were genotyped using ImmunoChip and NeuroX genotyping arrays. Briefly, the ImmunoChip is an Illumina Infinium based array that interrogates 196,524 variants. The ImmunoChip was designed in 2009 by investigators interested in inflammatory and autoimmune disorders. However, this content also included~2000 variants prioritized for follow-up by PD genome-wide association study (GWAS). The content of the ImmunoChip is available (https://ida. loni.usc.edu/pages/access/geneticData.jsp) and this platform has been previously described. 32 NeuroX was designed in conjunction with Illumina Inc. and includes over 240,000 exonic variants, as well as over 24,000 variants relevant to the study of neurodegenerative disease. Subsequently, whole-genome sequencing has been completed on the entire cohort.
Standardization Data flow and access
All data collected at sites were transferred to the clinical core (Clinical Trials Coordination Center (CTCC), Rochester, NY), imaging core (Institute for
Statistical analysis
All analyses were performed by the biostatistics core (University of Iowa, IA, US). For the findings reported here, the overall goal of the statistical plan was to compare baseline clinical and biomarker results between PD, HC, and SWEDD groups and to evaluate associations between clinical and biomarker data. T-tests or Chi-square were used for pairwise comparisons of demographic, clinical, and imaging data in PD, HC, and SWEDD subjects. Due to skewed distributions of biospecimen data, nonparametric Mann-Whitney U tests were used for pairwise group comparisons of these variables. The total MDS-UPDRS and DAT contralateral putamen were identified prior to the study as two candidate biomarkers with face validity for PD progression. Thus, we sought to assess the associations between clinical, imaging, and biospecimen variables and baseline total MDS-UPDRS and DAT SBR (contralateral putamen) in PD subjects using multivariable linear regression models with a backwards selection approach. All models adjusted for age, gender, and duration of disease. For model fitting, a covariate was included if it was associated with an outcome at a significance level of 0.20 or less after adjustment for age, gender, and duration of disease. To avoid collinearity issues in the multivariable models, the following hierarchical rules were used: for CSF biomarkers, if the individual markers were significant in the screening models, they were considered in the multivariable model; the CSF ratios were only considered if neither of the individual markers were significant. Similarly, for the DAT SBR variables, if the contralateral putamen or caudate scores were significant, they were considered; if not, but the ipsilateral putamen or caudate were significant, they were considered. This screening process revealed a set of potential predictor variables for both outcomes under consideration. This set of predictor variables made up an initial "full model." Subsequently, a backwards selection process was used to remove variables one at a time until all variables remaining in the model were significant at the 0.10 level. Due to the exploratory nature of these analyses and a desire to cast a wide net to suggest areas for further exploration of any findings, we chose not to adjust for multiple comparisons.
Results
A total of 811 subjects (570 PD and 241 HC) were screened for participation in PPMI. Of the 570 screened as PD subjects, 423 subjects were enrolled, 30 were excluded, 36 declined participation following screening, and 81 (16%) were found to have SWEDD. Subjects with SWEDD were eligible to participate in the SWEDD cohort. Of the 81 subjects with a SWEDD, 64 (79%) agreed to enroll in PPMI, and 16 declined participation following screening. Of those screened as HC subjects, 196 were enrolled, 31 were excluded, and 14 declined participation following screening. Subjects were enrolled in PPMI at 24 sites (553 at 18 US sites, 124 at 5 European sites and 6 subjects at 1 Australian site). Enrollment began June 1, 2010. The duration of the enrollment period was approximately 32 months ( Fig. 1 ). The average enrollment rate was 1 subject/month/site for PD subjects and 0.5 subjects/month for HC subjects. The enrollment curve for HC subjects (Fig. 1B ) reflects that HC subject enrollment was deliberately slowed for 6 months to ensure that the PD and HC subject enrollment would be completed concurrently, and to ensure a reasonable age and gender balance among the PD and HC cohorts. Enrollment of SWEDD subjects occurred at a similar rate to PD subjects throughout the enrollment period. Subjects with SWEDD were enrolled in 22 of 24 sites ranging from 1 to 6 subjects/site. The subject demographics (Table 1) confirm that we were successful in obtaining groups of PD, HC, and SWEDD subjects who were similar with regard to age and gender. The entire cohort was overwhelmingly white and non-Hispanic. The PD and HC subjects were generally highly educated. By design, HC subjects could not be first-degree relatives of PD patients. First-degree family members with PD were slightly more prevalent, and education levels were significantly lower, among SWEDD compared to PD subjects.
The number of PD features (signs and symptoms) at enrollment for PD and SWEDD subjects is indicated in Table 2 . Initial symptom categories were resting tremor, bradykinesia, rigidity, postural instability, and other (i.e., micrographia, hypophonia, sialorhea, dystonia, reduced arm swing). Study investigators were asked to enroll subjects as early in their disease as possible. Approximately 9% of both PD and SWEDD subjects were enrolled into the study with a single asymmetric PD feature, and in those subjects asymmetric resting tremor was the single feature in more than 80% of these single feature subjects. The duration of diagnosis at baseline was approximately 7 months and did not differ between PD and SWEDD subjects. The focus on enrollment of subjects early in disease raises the possibility that some of the PD subjects may have other DAT deficit parkinsonian syndromes that will emerge with follow-up.
The baseline clinical motor, cognitive, and behavioral characteristics of the PD, HC, and SWEDD cohort are shown in Table 2 . PD subjects had increased total MDS-UPDRS compared to both HC and SWEDD subjects. As expected, PD subjects had significantly higher values than HC subjects on all MDS-UPDRS components. The SWEDD subjects have increased MDS-UPDRS part 1, decreased MDS-UPDRS part 3, and similar MDS-UPDRS part 2 compared to PD subjects. PD subjects demonstrated modest but clear impairment in tests of cognition, depression, autonomic function, anxiety, and sleep compared to HC subjects. SWEDD subjects showed modestly increased depression, anxiety, and abnormalities in autonomic testing compared to PD subjects. The UPSIT was markedly abnormal in PD subjects, but within the normal range in both HC and SWEDD subjects. Approximately 40% of PD and SWEDD subjects endorsed questions consistent with RBD compared to 20% of HC subjects. Baseline cognitive and behavioral status of the PD and HC cohorts is detailed further in another report. 34 DAT imaging data demonstrated a marked reduction in approximately 45% in SBR in PD compared to HC subjects (Table 3 ). All striatal regions were substantially reduced in PD subjects compared to HC or SWEDD subjects. The greatest reduction in PD at baseline of 67.8% was found in the contralateral putamen. Regional quantitative imaging values did not differ between SWEDD subjects and HC subjects. Figure S2 demonstrates the SBR scatterplots for PD and HC subjects for the mean striatum, ipsilateral and contralateral putamen, and ipsilateral and contralateral caudate. To further compare the visual and quantitative eligibility strategies, a linear discriminant analysis (LDA) model that included variables representing SBRs for different regions as well as indices of asymmetry (Table S1 ). From the model, the region providing the best discrimination between HC and PD subjects was the contralateral putamen. Using leave-one-out cross-validation, the function returned an overall accuracy of 97.4% (Table S1) and indicates the sensitivity, specificity, and positive and negative predictive value of the discriminant function compared to the enrollment eligibility using the visual read standard. Sensitivity analyses inspecting the consequences of violating the assumptions of equal variability across cohorts and nonexcessive multicollinearity returned very similar results (data not shown). both MDS-UPDRS and DAT SBR using univariate and multivariate correlation analysis. Results of the model fitting process for total MDS-UPDRS and DAT contralateral putamen SBR are provided in Tables 5, 6 , respectively. After adjustment for age, gender, and disease duration, the final model for total MDS-UPDRS included three predictors with positive associations (GDS, SCOPA-AUT, STAI) and three predictors with negative associations (MoCA, QUIP, contralateral putamen). Similarly, after adjustment for age, gender, and disease duration, the final model for DAT contralateral putamen SBR included three predictors with positive associations (STAI, QUIP, UPSIT) and a negative association with MDS-UPDRS total score. In summary, both models demonstrated a significant negative correlation between DAT contralateral putamen SBR and total MDS-UPDRS. There was no correlation between baseline total MDS-UPDRS or DAT contralateral putamen SBR with any of the baseline CSF biomarkers.
Discussion
PPMI is an international, observational study to establish biomarker-defined cohorts and to identify PD progression biomarkers. The primary goal of PPMI is to provide the necessary tools to support and accelerate PD disease- Initial symptom categories were resting tremor, bradykinesia, rigidity, postural instability, and other (i.e., micrographia, hypophonia, sialorhea, dystonia, reduced arm swing). The Initial PD Symptoms P-value is from a test comparing 0-2 versus 3-5 symptoms.
modifying therapeutic trials. In this report, we have detailed the methods used to develop a cohort of 423 early untreated PD, 196 HC and 64 SWEDD subjects and the comprehensive baseline data from these research subjects. A major goal of PPMI is to establish a PD cohort accurately and as early in the disease as possible. There are both scientific and practical reasons why an early PD cohort would likely have the best chance of success in demonstrating the effects of potential disease-modifying therapeutics. First, there is increasing evidence that ongoing progression may lessen any potential therapeutic effect, as pathologic studies indicate significant dopaminergic degeneration present already at 4 years postdiagnosis. 35 Second, studies designed to evaluate diseasemodifying therapeutics are limited by the slow change in MDS-UPDRS following treatment with dopaminergic PD medications, as even subjects early in disease may require treatment. Therefore, the earlier in disease that subjects are enrolled, the potentially longer duration these subjects can be maintained in a therapeutic study while untreated with PD medications.
In our study, we enrolled subjects using two novel strategies. All subjects were evaluated with DAT imaging at baseline to improve accuracy of diagnosis and to allow subjects to be enrolled earlier in disease with greater confidence in diagnosis. In PPMI, we have predominantly utilized 123I Ioflupane imaging to determine eligibility, whereas prior studies that have identified subjects with SWEDD have utilized 123I ß-CIT or 18F FDopa. [36] [37] [38] Approximately 16% of subjects with clinical features of PD who would otherwise have been enrolled as PD subjects in PPMI were enrolled as SWEDD subjects. We will acquire longitudinal data on the SWEDD subjects to further assess diagnostic accuracy. Additionally, we encouraged all investigators to enroll subjects with single asymmetric tremor or bradykinesia (understanding that a single PD feature does not generally meet standard clinical diagnostic criteria) 39 in an attempt to encourage early stage PD enrollment. Approximately 9% of PD subjects were enrolled with a single PD feature, and over 80% of those subjects had asymmetric tremor. The PD and SWEDD subjects were within 7 months of diagnosis, which is comparable or slightly earlier than other studies in which SWEDD subjects were included (Elldopa 7 month, Precept 9.5 months). 36, 37 Importantly, even with our focus on enrollment of early subjects, the overwhelming majority of subjects had more than one PD feature suggesting subjects may develop more than one feature very soon after disease onset and/or that additional biomarker strategies may be necessary to accurately identify subjects even earlier with a single feature. We recognize that there are potential pitfalls to our early diagnosis strategy including errors in diagnosis, especially with parkinsonian disorders with a DAT imaging deficit such as PSP, MSA, and CBS.
PPMI enrollment was completed at 24 sites in 32 months despite requirements for very extensive study assessments for both newly diagnosed PD, HC, and SWEDD subjects, including frequent and comprehensive clinical assessments, DAT imaging, and biospecimen collection including CSF. Enrollment was aided by a targeted recruitment program directed by MJFF that provided study sites with customized recruitment strategies and materials. This recruitment strategy is another tool that could be deployed in future disease-modifying trials. Importantly, neither the requirement for longitudinal CSF collection nor DAT imaging was a major deterrent for enrollment. Subject retention has also been outstanding with subject dropout <5% when fully enrolled. A major strength of the PPMI study was the robust and comprehensive acquisition of within subject clinical, imaging, genetic, and biospecimen data, and the utilization of detailed, standardized protocols for data and biospecimen acquisition. The study demographics are consistent with age, gender, education, and ethnicity typical of large PD clinical trials. [35] [36] [37] There was no difference in demographics between US and European participants. Baseline clinical data demonstrate the expected increase in the MDS-UPDRS in PD compared to HC subjects. Comparison of MoCA scores between PD and HC subjects is limited since HC subjects were not eligible if MoCA was <27, but approximately 20% of PD subjects had a baseline MoCA <26 consistent with early cognitive impairment. [40] [41] [42] Furthermore, testing for depression, anxiety, and autonomic function demonstrate impairment in PD compared to HC subjects. These findings are consistent with the notion that PD results in widespread nervous system dysfunction even early in the disease course and potentially prior to motor dysfunction. [43] [44] [45] [46] DAT imaging for all subjects was analyzed to provide a quantitative outcome to compare the SBR in PD, HC, and SWEDD subjects and to characterize the range of DAT deficit among PD subjects even at the earliest stage of disease. The eligibility assessment for DAT was based on visual assessment (the regulatory approved strategy for 123I Ioflupane) and comparison of the visual and quantitative outcomes shows outstanding agreement (Table S1 ). The imaging characteristics of the SWEDD subjects confirm prior reports that quantitative dopamine transporter b-amyloid (A-Beta), total tau protein (T-Tau), phosphorylated tau protein at Serine 181 (P-Tau 181 ) and alpha-synuclein-assays for CSF analytes run between September and December 2013. assessments in this population are comparable to HC subjects. 4 The wide range of DAT deficit among PD subjects (30-80% loss at baseline) suggest that additional characteristics may define subsets of PD that manifest PD symptoms after modest DAT loss compared to those requiring more severe DAT deficit. 36, 37, 47 Further to the point, longitudinal follow-up would be expected to elucidate the biomarker signature of these PD sub-sets.
More than 97% of all PPMI subjects had baseline lumbar puncture for CSF acquisition. Lumbar punctures were generally very well tolerated, with headache occurring in 7% of subjects. The procedure was done with atraumatic needles in 82% of subjects, and that may have contributed to its safety and tolerability. 48 PPMI's success in acquiring these samples both provides a model for collection of CSF in future PD studies, as well as a unique resource for PPMI and the PD research community. Baseline data demonstrated a reduction in tau, p-tau, and asyn in PD compared to HC subjects of about 15%. There was no difference in A-Beta levels between PD and HC subjects. Prior studies have shown similar changes in asyn and tau in PD subjects, 29, [49] [50] [51] [52] but the PPMI cohort is unique as a large, prospectively enrolled, previously untreated PD cohort with well-characterized clinical, imaging, biospecimen, and genetic biomarkers.
PPMI offers the opportunity to combine and correlate clinical, imaging, biospecimen, and genetic biomarker data to establish data-driven PD subtypes. We have examined the correlation of the baseline biomarkers to MDS-UPDRS and DAT imaging, the two data anchors to the PPMI study. There is limited correlation of the clinical features or biomarkers to baseline MDS-UPDRS or DAT. Baseline MDS-UPDRS and putamen DAT SBR demonstrated a modest correlation, as in other clinical studies. The lack of correlation may reflect the heterogeneity of presentation, course, and response to therapy, a hallmark of PD. [53] [54] [55] The PPMI longitudinal data will examine whether baseline biomarkers and/or short-term change in baseline biomarkers are predictive of longitudinal PD progression outcomes. Developing biomarker-defined subsets of PD subjects with more consistent disease progression and ultimately response to therapy is a major goal of the PPMI study.
This report also provides baseline data comparing the PD and SWEDD subjects. While recent data from clinical trials have demonstrated that subjects enrolled with SWEDD are unlikely to have PD, 4 the clinical and biomarker characteristics of subjects with SWEDD have not been reported. The baseline PPMI data suggest that subjects with SWEDD have increased MDS-UPDRS part 1 scores and greater degrees of depression, anxiety, and autonomic dysfunction compared to PD subjects. These nonmotor symptoms may contribute to the early suspicion of PD in SWEDD subjects. There was no difference in cognitive scores between PD and SWEDD subjects and no difference in UPSIT between HC and SWEDD subjects. Importantly, imaging and CSF biomarker assessments demonstrated that SWEDD subjects were similar to HC and different from PD subjects. SWEDD subject longitudinal data will be reported separately.
A major contribution of PPMI was to establish standardized strategies to acquire and analyze biomarker data that could be utilized for PPMI and for future clinical trials. Standardized protocols for the collection and analysis of blood, CSF, imaging, and other study data were deployed at all sites in PPMI. The acquisition of DAT data from multiple sites is an example of the technical challenges in acquiring multicenter quantitative data. PPMI sought to mitigate the variance in DAT SBR associated with varied camera, software, and imaging experience by performing on-site technical visits, including acquisition of striatal anthropomorphic phantoms to establish consistent acquisition protocols. Standardized analysis included central reconstructions of raw projection data, attenuation correction, and objective quantitative analysis at a central imaging core laboratory. These methods produced a high-quality baseline dataset with roughly similar variance to Ioflupane imaging acquired in single-center trials. 56 The present study suggests it is feasible (as previously shown in smaller studies) to acquire poolable, multicenter quantitative data with Ioflupane SPECT. 22 All PPMI standardized techniques are available at www. ppmi-info.org and can be utilized in future clinical studies.
During the past two decades, numerous studies have tested putative neuroprotective drugs for PD, but none have clearly demonstrated slowing of disease progression. A critical lesson learned from these studies is that the lack of PD biomarkers severely limits the success and interpretation of these trials. Biomarkers of PD progression that could provide an objective signal indicating study therapeutic response within a short treatment interval (and without the confound of existing PD medications) would enable more rational and sub-type selective therapeutic development. The primary goal of PPMI is to establish biomarker-defined cohorts and PD progression biomarkers that could inform clinical studies of PD therapeutics. Combining comprehensive clinical, imaging, biospecimen, and genetic data enhance the value of each biomarker and provides the opportunity to combine biomarker data to establish data-driven PD sub-sets that may ultimately identify specific PD pathology and/or response to specific PD therapeutics. Ongoing longitudinal follow-up of the PPMI subjects will further address whether singly or in combination the change in biomarker signature can be used to monitor disease progression and/or can predict the course of disease progression. Finally, the ongoing major expansion of the PPMI study to include prodromal PD cohorts defined by olfactory loss or RBD with DAT deficit, or common mutations including variants in LRRK2, GBA, and SNCA will further establish the PD biomarker signature prior to diagnosis, fully illuminating the progression of biomarkers across the entire spectrum of PD. 
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Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Axial ioflupane SPECT image in PD and HV with volume of interest template placed on striata and occipital reference region. Figure S2 . SBR data PD, HV, and SWEDDs for mean striatum, ipsilateral and contralateral putamen, and ipsilateral and contralateral caudate. Table S1 . Linear discriminant function.
